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In prokaryotes, RNA derived from type I and type III CRISPR loci direct large ribonucleoprotein complexes to destroy invading bacteriophage and plasmids. In Escherichia coli, this 405-kilodalton complex is called Cascade. We report the crystal structure of Cascade bound to a single-stranded DNA (ssDNA) target at a resolution of 3.03 angstroms. The structure reveals that the CRISPR RNA and target strands do not form a double helix but instead adopt an underwound ribbon-like structure. This noncanonical structure is facilitated by rotation of every sixth nucleotide out of the RNA-DNA hybrid and is stabilized by the highly interlocked organization of protein subunits. These studies provide insight into both the assembly and the activity of this complex and suggest a mechanism to enforce fidelity of target binding.
P
rokaryotes use an RNA-based adaptive immune system called the CRISPR (clustered regularly interspaced short palindromic repeats)-Cas (CRISPR-associated) system to prevent invasion by bacteriophage and plasmids (1, 2) . Found in the host genome, CRISPR loci comprise an array of identical repeats interspersed by variable foreign DNA. CRISPR loci are transcribed and then cleaved within the repeat regions to generate small CRISPR RNAs (crRNAs) (3) (4) (5) . In type I and type III CRISPR-Cas systems (6) , crRNA and Cas proteins assemble into large multisubunit complexes (3, (7) (8) (9) (10) (11) (12) . Despite a common seahorse architecture (8, (13) (14) (15) (16) (17) , these complexes use different mechanisms to destroy their targets: Type I complexes are surveillance complexes that bind DNA complementary to the crRNA guide and then recruit a trans-acting helicasenuclease, Cas3, to unwind and degrade the invading DNA (18) (19) (20) , whereas type III-A complexes are effector complexes that destroy targets directly via their intrinsic nuclease activity (7, 10) .
The type I-E surveillance complex in E. coli is known as Cascade (CRISPR-associated complex for antiviral defense), a 405-kD complex consisting of 11 subunits of five Cas proteins (Cse1 1 , Cse2 2 , Cas7 6 , Cas5 1 , and Cas6e 1 ) and a 61-nucleotide (nt) crRNA. The crRNA consists of a 32-nt guide sequence flanked by 5′ and 3′ handles, the sequences of which are derived from the repeats (Fig. 1A) . Cascade recognizes DNA as foreign if it contains a region complementary to the crRNA guide (protospacer) that is adjacent to a small 3-base pair (bp) sequence element called a protospacer adjacent motif (PAM). CRISPR arrays lack a PAM sequence, enabling discrimination between self and nonself DNA (21) . Cascade binding to foreign DNA initiates at the PAM and then proceeds through base pairing between the crRNA and target strand, displacing the nontarget strand to produce an R loop (14) . R-loop formation is unidirectional, proceeding 5′ to 3′ across the crRNA guide (22) . Cryo-electron microscopy (cryo-EM) reconstructions of targetbound Cascade suggest that base pairing between the crRNA guide and the target strand occurs stepwise through a series of discontinuous helical segments to form the guide-target hybrid (15) . The structure of these discontinuous segments is currently unknown, nor is it known how Cascade stabilizes this structure.
Crystal structure of the Cascade-ssDNA complex
To gain insights into the structural organization of Cascade and into target recognition, we have determined the crystal structure of a~425-kD complex of E. coli Cascade bound to a complementary single-stranded DNA (ssDNA) target. We screened a variety of ssDNA and doublestranded DNA (dsDNA) targets for crystallization with Cascade. The best crystals contained a complex of Cascade and a 40-nt ssDNA target consisting of a 32-nt protospacer sequence, a 5′ PAM sequence (5′-CAT-3′), and a 3′ extension (5 nt) (Fig. 1A) . The structure-containing the ssDNA target strand, crRNA, and all of the 11 Cascade subunits-was refined to an R work /R free ratio of 0.225/0.269 at 3.03 Å resolution (table S1), has  good stereochemistry (table S1) , and accounts for the vast majority of the expected residues (table  S2) . Although the ssDNA target contained a PAM and a 5-nt 3′ extension, only the protospacer and the adjacent 3′ nucleotide of the extension were visible in the electron density map.
The crystal structure of ssDNA-bound Cascade has the same seahorse architecture observed by cryo-EM (14, 15) (Fig. 1B) . The body is formed by a helical filament of six Cas7 subunits (Cas7.1 to 7.6) wrapped around the crRNA guide, with a head-to-tail dimer of Cse2 (Cse2.1 and Cse2.2) at the belly. Cas6e and the 3′ handle of crRNA cap the Cas7 filament at the head while Cas5 and the 5′ handle cap the tail. The N-terminal base of Cse1 is positioned at the tail of the filament; the C-terminal four-helix bundle contacts Cse2.2. The ssDNA target is juxtaposed to the guide region of the crRNA in a groove formed by the Cas7 filament, the four-helix bundle of Cse1, and the Cse2 dimer (Fig. 1B) . The structures of the E. coli subunits are structurally similar to the stand-alone structures of their respective homologs ( fig. S1 ) (11, 12, 21, (23) (24) (25) (26) (27) (28) (29) (30) .
Two cryo-EM reconstructions of target-bound Cascade are available, one bound to a 32-nt ssRNA target (15) and one bound to a 72-bp dsDNA target with a functional PAM sequence (31) . The structural organization of Cascade in the two reconstructions is similar except for the position of the Cse1 base, which has been implicated in PAM binding (21) . The crystal structure of Cascade fits best in the EM density of dsDNA-bound Cascade, requiring only small changes in the position of Cas6e and the 3′ handle for an optimal fit (fig .  S2 ). Lattice contacts appear to hold the base of Cse1 in the dsDNA-bound conformation. Thus, the structure of ssDNA-bound Cascade observed in the crystal is comparable to that bound to dsDNA, the in vivo target of Cascade (3, 31).
The guide-target hybrid adopts a ribbon conformation
The two strands of the guide-target hybrid do not twist around one another in a helix, but instead adopt an underwound ribbon-like structure reminiscent of a ladder ( Fig. 2A) . The 5′ and 3′ ends of the curved target strand are~102 Å apart, roughly the length of straight B-form dsDNA with an identical sequence (~107 Å). Underwinding is facilitated by kinks that occur every sixth base pair in the backbone of both strands of the hybrid (Fig. 2B) . At each kink, complementary nucleotides are rotated~90°, in opposing directions, from the axis of the duplex (Fig. 2C) . Thus, consistent with cryo-EM studies, the guide-target ribbon contains five 5-bp segments separated by 1-bp gaps (15) . The remaining 2 nt of the guide region also form Watson-Crick base pairs with the target strand and are followed by a shear base pair between the nucleotide 5′ of the protospacer (A5) and the first nucleotide (G41) in the 5′ handle of the crRNA ( fig. S3A ). The importance of this shear base pair is currently unclear, as there is no reported conservation at this position of target sequence.
The structure of each repeating unit, a 5-bp segment plus the two displaced nucleotides, is essentially identical, superposing to an average root mean square deviation (RMSD) of~1.20 Å over 209 atoms ( fig. S3B ). The local conformation of the 5-bp segments is highly distorted from canonical A-form, owing to the nonuniform roll and twist angles between base pairs. However, this distortion is necessary for the hybrid to remain continuous throughout the guide region, as the geometry of an A-form duplex is incompatible with the spacing between kink sites ( fig. S3C ).
The observed structure of the guide-target hybrid predicts that mutation of the disrupted nucleotides would not affect binding by Cascade. Consistent with this, mutations at position 6 of the protospacer (Fig. 1A ) have no effect on target binding, while mutations at positions 1 to 5 or 7 to 8 ( Fig. 1A ) greatly reduce affinity (32) . In addition, recent high-throughput genetic experiments revealed that mutations at the sites of the disrupted bases are readily tolerated in vivo (33) .
The Cas7 filament and its interaction with the head of Cascade
The structure of Cas7 resembles a right hand, consisting of fingers (residues 59 to 180), palm (residues 1 to 58, 181 to 189, and 224 to 263), and thumb (residues 190 to 223) domains (Fig. 3A) . The palm contains the modified RNA-recognition motif (RRM) characteristic of many Cas protein families (34) . The domain architecture and key surface features appear conserved among Cas7 family proteins ( fig. S4 ), which suggests that the structure of the Cas7 filament and consequently the ribbon-like structure of the guide-target hybrid (see below) are likely conserved in other type I and type III CRISPR-Cas systems. Within Cascade, the six Cas7 subunits form a right-handed filament, with a pitch of~135 Å, around the guidetarget hybrid (Fig. 1B) . The filament is arranged such that the thumb of one Cas7 subunit, composed of an extended b hairpin, extends toward the fingers of the adjacent subunit (Fig. 3B) . The conformations of Cas7.2 to Cas7.6 are essentially identical, except that the fingers of Cas7.6 are disordered in the structure ( fig. S5A ). Three points of contact stabilize the Cas7 filament, one between Cas7 and the guide region of the crRNA (see below) and two involving conserved proteinprotein contacts (Fig. 3 , B and C) between Cas7 subunits. The larger of these contacts buries 1500 Å 2 of solvent-accessible surface area per subunit and is formed by packing the base of the thumb and the back of the palm of one subunit against the front of the palm of the neighboring subunit (Fig. 3B) . The second, smaller interface buries~400 Å 2 of solvent-accessible surface area per subunit and is formed between the tip of the thumb of one subunit and the fingers of the neighboring subunit (Fig. 3B) .
At the head of Cascade, the Cas7 filament and the 3′ end of the crRNA are capped by Cas6e ( fig.  S5B) . This region appears to be flexible relative to the rest of Cascade, as the corresponding electron density is quite weak. One face of Cas6e engages the 3′ hairpin of the crRNA, as observed with S5C ). Although a portion of the Cas7.1 thumb is disordered in the structure, it is clear that it has a conformation distinct to the other Cas7 subunits. Specifically, the Cas7 thumb rotates~90°toward Cas6e, adopting an open loop structure ( fig. S5D ) that binds primarily with a conserved face of the C-terminal RRM of Cas6e ( fig. S5C ).
Subunit interactions with the guide-target hybrid
A highly interdigitated network of protein-nucleic acid interactions stabilizes the ribbon conformation of the guide-target hybrid (Fig. 4A) . Extensive contacts between the guide region of the crRNA and the Cas7 filament bury a large portion of the crRNA backbone, leaving the bases solvent-exposed (Fig. 4B) . The absence of direct contacts between protein side chains and bases of the crRNA explains the lack of sequence specificity by Cascade for the guide sequence. The target strand is bound primarily through WatsonCrick hydrogen bonding with the guide but also interacts with the Cas7, Cse1, and Cse2 subunits (Fig. 1B) . Few interactions are seen with the DNA backbone, rendering the majority of the backbone solvent-exposed (Fig. 1B) . Each 5-bp segment of the hybrid is situated between the palm of one Cas7 subunit and the fingers of the adjacent subunit (Fig. 4A) ) from the palm of one Cas7 contact the RNA backbone, while the fingers from the adjacent Cas7 subunit (residues 109 to 111 and 163 to 169) contact both strands of the hybrid across the minor groove (Fig. 4C) . In particular, the side chain of a highly conserved methionine (Met   166   ) partially intercalates with the bases at the third and fourth position of each RNA segment (Fig.  4B) . As a result, the bases at these positions are separated, which helps distort each segment away from A-form geometry, facilitating the underwound structure of the crRNA guide.
The thumb of Cas7 both prohibits base pairing at the kink sites of the hybrid and stabilizes the conformation of the 5-bp segments. As the thumb of one Cas7 subunit extends toward the fingers of the adjacent subunit it passes directly between the strands of the guide-target hybrid, displacing the nucleotides and disrupting their base pairing (Fig. 4C) . As a result, adjacent Cas7 subunits completely encircle the guide region of the crRNA (Fig. 4, A to C ) contact the bases of the target strand on the minor groove face of the duplex (Fig. 4C) .
Distinct binding pockets accommodate the displaced RNA and DNA nucleotides, respectively. Each binding pocket is solvent-exposed and provides minimal contacts with the Watson-Crick edges of the bases, consistent with the lack of sequence specificity at these positions. Each displaced RNA nucleotide adopts the syn conformation, is similarly positioned above the backbone of the downstream RNA, and is contacted by residues from both the Cas7 palm (Ser  43 and Arg   46 ) and thumb (Thr 201 and Val 203 ) (Fig. 4D) . Each displaced DNA nucleotide adopts the anti conformation, is sandwiched on one side by Leu 214 from the nearest Cas7 thumb, and, depending on its position along the hybrid, by residues from Cse1, Cse2.1, or Cse2.2 (Fig. 4E) . Cse1 contacts the first displaced DNA nucleotide (position 6) (Fig. 1A) with residues Lys 474 and His 472 from the fourhelix bundle (Fig. 4E) . This interaction is consistent with cryo-EM studies showing ordering of this region of Cse1 (residues 406 to 414) on target binding (15 (25) .
Interactions capping the tail of Cascade
Cas5 caps the tail of the Cas7 filament at the 5′ end of the crRNA (Fig. 5A) . The structure of Cascade reveals that Cas5 is structurally related to Cas7, as it consists of a palm (residues 1 to 78 and 115 to 224) and a thumb (residues 79 to 114) domain, but lacks a fingers domain (Fig. 5B) ) stabilize the first duplex segment (positions 1 to 5) through van der Waals contacts with the exposed face of the base at position 1 of the hybrid (fig. S6) .
The first seven nucleotides of the 5′ handle form a hook-like structure (Fig. 5C ) that sits between Cas5 and Cas7.6 (Fig. 5D) , forming extensive contacts between the RNA backbone and highly conserved charged and polar residues from both Cas5 (Arg from the palm of Cas5 also stacks with the base of nucleotide A4 (fig. S7) . Finally, the position of C7 is stabilized through sequence-specific hydrogen bonds with Arg 108 from the Cas5 thumb ( fig. S7) . Thus, only nucleotides U2 and C7 form sequence-specific interactions with Cas5 in ssDNAbound Cascade, consistent with sequence alignments showing these positions are the invariant in the 5′ handle (35) .
Modeling interactions of Cascade, dsDNA target, and Cas3
Cryo-EM studies (31) revealed that Cascade binds the PAM-proximal end of a dsDNA target between Cas7.5, Cas7.6, and the L1 loop of Cse1, which has been linked to PAM binding (21) . The fingers of Cas7.6 and the L1 loop of Cse1 are disordered in the crystal structure of ssDNAbound Cascade, which suggests that these regions are mobile in the absence of dsDNA. Using the cryo-EM density as a guide, we modeled the position of this dsDNA and the fingers of Cas7.6 onto the crystal structure. The resulting model suggests interactions between the DNA backbone and a cluster of basic residues from the fingers of both Cas7. ) (Fig. 6A) . The orientation of the modeled duplex and the path of the target strand agree with atomic force microscopy studies suggesting that Cascade bends dsDNA upon binding (18) . R-loop formation by Cascade displaces the nontarget strand of the protospacer. Footprinting experiments have shown that the 3′ end but not the 5′ end of the displaced strand is protected by Cascade binding (14, 21) . The structure of ssDNAbound Cascade reveals a prominent basic groove that could serve as a binding site for the 3′ end of the displaced strand (Fig. 6B) . Spanning from Cas6e to the four-helix bundle of Cse1, the groove is lined with conserved basic residues from Cas7 (Lys . S8A ). Because the PAM is bound at the L1 loop of Cse1 (31), the displaced strand must first loop around the four-helix bundle of Cse1 to gain access to the groove, in agreement with footprinting data showing that the 5′ end of the displaced strand is exposed. After R-loop formation, Cascade recruits the Cas3 helicasenuclease (18) (19) (20) . Negative stain reconstruction of a complex between dsDNA-bound Cascade and Cas3 revealed Cas3 binds Cascade between the fourhelix bundle and the base of Cse1 (31) , and two conserved loops located at the base of Cse1 (residues 288 to 294 and residues 318 to 323).
Cryo-EM studies have shown that target binding triggers structural rearrangements of the Cse1 and Cse2 subunits (15) . To further understand these changes, we fit each subunit of the crystal structure of ssDNA-bound Cascade into the~9 Å cryo-EM reconstruction of apo Cascade as a rigid body, except for Cse1, which required individual placement of its two domains ( fig. S9 ). As previously established, superposition of the apo Cascade model with the structure of ssDNA-bound Cascade reveals a concerted conformational rearrangement. The two Cse2 subunits each movẽ 16 Å toward the four-helix bundle of Cse1, which subsequently undergoes a~30°rotation away from Cse2.2 (Fig. 6C) . We also observe a~15°rotation of the base of Cse1 (31) . Together, these rearrangements facilitate the formation of binding pockets for the displaced DNA nucleotides (Fig. 6D) . Additionally, in the apo conformation, Cse2.1 blocks access to the distal end of the guide (positions 24 to 30) (Fig. 6D) . Therefore, repositioning Cse2.1 facilitates base pairing in this region, consistent with previous binding data showing that short oligonucleotides complementary to the 3′ region of the crRNA guide have lower affinity than short oligonucleotides that bind to the 5′ region (15) .
Implications for target binding and recruitment of Cas3
Analysis of the crystal structure, in the context of the reported literature, provides a model for how Cascade recognizes foreign DNA and recruits Cas3. During target recognition, Cascade searches dsDNA for potential PAM sites, possibly facilitated by sequence-independent interactions between the DNA backbone and basic residues from the fingers of Cas7.5 and Cas7.6 ( Fig. 6A) (31) . Once a PAM is found, the adjacent duplex is destabilized and base pairing between the crRNA guide and the target strand proceeds along the guide in 5-bp increments separated by 1-bp gaps (15, 22, 32) .
Cascade incrementally binding 5-nt segments of the target strand likely increases the fidelity of target recognition, by a mechanism similar to that used by RecA (36) (37) (38) . RecA catalyzes strand exchange in homologous recombination. Thus, despite differing cellular roles, Cascade and RecA both function by correctly pairing a single strand of RNA or DNA, respectively, with a complementary strand in a DNA duplex, respectively. Comparison of the structures of the guide-target hybrid in ssDNA-bound Cascade and the heteroduplex bound to the RecA filament (36) reveals globally similar distortions ( fig. S10 ), as previously predicted (2) . RecA is thought to bind its target in 3-nt increments to enforce high fidelity during strand exchange; if so, this suggests that Cascade may use a similar conformational proofreading mechanism (36) (37) (38) . Specifically, conformational proofreading by Cascade involves optimizing the cost-benefit ratio of binding targets by introducing a structural difference between the crRNA guide and the foreign DNA. The energetics of target binding are the net sum of the energy gained by base pairing and the energy lost in conformational distortion (i.e., formation of the guide-target hybrid). Nonspecific targets lacking favorable base pair interactions will not overcome the energetic costs associated with conformational distortion, whereas specific targets can do so. Thereby, enhanced specificity is achieved. Genetic and biochemical assays identified a seed region (positions 1 to 5 and 7 to 8) in crRNA required for high-affinity binding to a target (32) . Consistent with this proposed conformational fidelity mechanism, mismatches in the seed region would inhibit formation of the initial 5-nt segments, thereby terminating binding. Cascade undergoes structural rearrangement of its Cse1 and Cse2 subunits upon target binding. Propagation of base pairing between the crRNA guide and target strand across the target facilitates these conformation changes, which form the binding pockets for the disrupted DNA nucleotides (Fig. 6D) . Moreover, movement of Cse2.1 relieves a steric block at the distal end of the guide (positions 24 to 30) (Fig. 6D) , enabling base pairing in this region. Recent single-molecule studies monitoring DNA supercoiling revealed that Cascade binding to target DNA is unstable until base pairs form at the distal end of the guide (22) . Our structural analysis suggests that base pairing in this region would prevent Cse2.1 from reassuming its apo position, effectively locking Cascade on the DNA. This locking mechanism could also act as an additional proofreading step, as targets that cannot form base pairs across the entire length of the guide will not be stably bound (22) .
After target recognition, Cascade recruits the Cas3 helicase-nuclease, likely through interactions with two conserved loops at the base of Cse1 ( fig. S8B) (31) . Once recruited, Cas3 nicks the displaced nontarget strand~7 to 11 nt from the 3′ end of the PAM (19, 20) , consistent with the predicted path of the nontarget strand (Fig. 6B and  fig. S8A ). Cas3 then loads onto the newly formed ssDNA end (31) and continues to progressively degrade the foreign DNA.
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T he Fermi-liquid theory, formulated by Landau in the late 1950s, is one of the most powerful tools in modern condensed-matter physics (1) . It captures the behavior of interacting Fermi systems in the normal phase, such as electrons in metals and liquid 3 He (2). Within this theory, the interaction is accounted by dressing the fermions as quasi-particles with an effective mass and an effective interaction. The ground state is the so-called Fermi sea, in which the quasi-particles fill one-by-one all the states up to the Fermi momentum, k F . The Fermi surface (FS), which separates occupied from empty states in k-space, is a sphere of radius k F for isotropically interacting fermions in uniform space. The FS is crucial for understanding system excitations and Cooper pairing in superconductors. When complex interactions act, the FS can get modified. For instance, strongly correlated electron systems violate the Fermi-liquid picture, giving rise to a deformed FS, which spontaneously breaks the rotational invariance of the system (3). Symmetry-breaking FSs have been studied in connection with electronic liquid crystal phases (4) and Pomeranchuk instability (5) in solid-state systems. Particularly relevant is the nematic phase, in which anisotropic behaviors spontaneously emerge and the system acquires an orientational order, while preserving its translational invariance (3).
